The unique electrical properties of graphene, in particular, ballistic transport and tunable transport properties have opened up exciting possibilities for this material as a replacement for silicon.
1,2 Graphene has an unusually simple structure, consisting of hexagonal arrangement of carbon atoms in a single layer, and is mechanically and chemically stable. The most common method of producing single layers of this material has been via mechanical exfoliation of highly oriented pyrolytic graphite, however the sample dimensions are limited typically to tens of microns. 3 For practical applications, large area graphene films on insulating substrates are required, especially for mass production of devices. To address this shortcoming, several techniques have been explored, including chemical vapor deposition ͑CVD͒ on transition metals, [4] [5] [6] reduction of oxidized graphite films, 7 and graphitization under high vacuum of SiC wafers. 8 We consider below a chemical route for deposition of graphene on large areas with the goal of reducing the deposition temperature using an rf plasma.
We describe below remote plasma assisted CVD ͑RPCVD͒ of graphene films from methane and hydrogen as source gases. Although various transition metal substrates were examined, the discussion here will be limited to Ni, which has a lattice mismatch of 1.1% and whose surface chemistry has been well investigated. [9] [10] [11] During the deposition process, it is believed that decomposition of the carbon bearing sources produces carbon atoms which then dissolve into these metals as interstitials forming solid solutions. On cooling, the segregation of the carbon atoms leads to formation of the graphene layer͑s͒. 12 Transformation of the amorphous phase carbon to its inherently more stable crystalline counterpart generally requires a thermally assisted kinetic process involving nucleation and growth. However, it is well known that the crystallization temperatures can be significantly reduced in the presence of some transition metals due to their catalytic nature that assists in the transformation. 13 The substrates in this investigation consisted of thin ͑200 and 300 nm thick͒ Ni films e-beam evaporated onto 100 nm thick SiO 2 coated Si wafers, one micron thick Ni foils, and ͑111͒ oriented single crystal Ni. The deposited Ni films were first annealed at around 1000 C in Ar to convert the amorphous films to polycrystalline phase, otherwise there was no graphene growth. With Ni films thinner than 200 nm, the annealing step resulted into agglomeration of the metal film into particulates, resulting in discontinuous layers. Examination of the annealing step showed polycrystalline grains in the 300 nm thick layers, ranging in size from less than a micron to around 20 m, determined with a scanning electron microscope. The size of graphene domains was consistent with these dimensions of the flat grain surfaces, strongly suggesting epitaxial growth on the microcrystallites. Substrate samples consisted of cleaved wafer pieces or strips of 1 micron thick Ni foil that varied in sized from 2 ϫ 5 to 3 ϫ 5 cm 2 , and Ni single crystals with about 2 ϫ 2 mm 2 polished surfaces. All these substrates were precleaned by sonication in acetone and isopropyl alcohol before loaded into the reactor. The growth reactor consisted of a horizontal oven with a quartz tube. The substrates were inserted at one end of this reactor tube and the other end of the reactor was connected to a vacuum system that was pumped down to base pressure of 1 mTorr ͑0.0013 Pa͒ with a roughing pump and a roots blower. The quartz tube has a diameter of 3 cm and a length of 60 cm. The gases were introduced into the reactor from two side arms. One of the side arms ͑diameter of 1 cm͒ had a copper rf coil around it to induce a plasma 25 cm from the substrate. A Raman spectrometer operating at a wavelength of 532 nm was employed to analyze the deposited films.
Plasma assisted growth of graphene has been reported where the substrates were placed within the plasma reactors. 14, 15 In this configuration, the substrate is usually placed on top of one of the two electrodes used to generate the plasma, hence the substrate is immersed in the plasma. The electrodes will be surrounded with a sheath that will have a relatively high electric field and will be oriented perpendicular to their surfaces. 16 Since the substrate sits on one of these electrodes, the sheath will also cover it. It is this field that tends to orient the growth of a graphene film perpendicular to the substrate surface, parallel to the electric field. Hence, the graphene nanosheets grown are in form of flakes. 14, 15 This technique is also used to grow carbon nanotubes aligned perpendicular to the surface. 17 To eliminate this orientation dependence, an upstream remote plasma was utilized to produce planar graphene films with respect to the substrates. With the remote plasma configuration, graphene films were produced on Ni substrates with methane and hy-drogen at 650-700°C in about 1 min growth time. Both the gases were flowed through the plasma. Typical flow rates of methane and hydrogen were 2.5 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ and 8 SCCM, respectively, with a total pressure of 90 mTorr ͑0.12 Pa͒. The rf plasma was operated at a frequency of 13.54 MHz and at 250 W power ͑plasma density of about 40 W / cm 3 ͒. Without the plasma, under these conditions, energy dispersive x-ray spectroscopy ͑EDX͒ analysis showed no detectable film growth. However graphene films were produced on these substrates under similar flow conditions at 1000°C via conventional CVD.
Although formation of graphene was detected with only methane, addition of hydrogen produced Raman signals with longer, narrower peaks. The improvement in the Raman signal in the presence of hydrogen can be explained as follows. An inductively coupled plasma produces a relatively high concentration of atomic hydrogen that is an important factor in the growth of the carbon nanosheets. 18 It is known to etch amorphous carbon, sp 2 and sp 3 hybridized carbon at very different rates. 19 Hence, it can selectively etch amorphous carbon defects that can serve as secondary nuclei for competing film growth.
14 Hence, by eliminating or minimizing the competing growth, hydrogen promotes growth of higher quality of graphene.
Following growth, the graphene films were detached from the substrates by wet-etching the underlying Ni films and transferring the RPCVD grown film onto 300 nm thick SiO 2 coated Si substrates. This was achieved by placing the substrates in a 0.25 molar ferric chloride solution that dissolved the Ni layer and freed the graphene film. In the case of the Ni foil, one should note that the graphene film grows on both the surfaces; hence there were two separate layers present in the solution. Before lifting the film, the etching solution was slowly replaced by de-ionized ͑DI͒ water to wash off the Fe and Cl contamination. Once transferred to the SiO 2 / Si substrates, the graphene films were further rinsed in DI water.
The variation in the graphene film thickness was visually discernable on the 300 nm thick oxide substrate by viewing it at almost grazing angles. It was determined that large area ͑ϳ2.5ϫ 2 cm 2 ͒ films ͑Fig. 1͒ were not entirely uniform: they were thicker near the middle, probably due to lower temperatures at the outer edge. The thickness variation was confirmed with Raman spectroscopy which provided a quick measure of the layer thickness and defects. As mentioned above, the ͑111͒ Ni crystallites on the polycrystalline surface were scattered on the Ni films and foil substrates, hence graphene domains grown were also distributed over the surface. On the other hand, the single crystals substrates had uniform and continuous graphene film growth over about 80% of the surface, except near the corners. Raman spectra of the graphene film grown via RPCVD on a 300 nm thick Ni thin film and then transferred to a silicon/oxide silicon substrate are shown in Fig. 2 . The sharp peaks are indicative of the crystallinity of the films and both plots show the two distinct peaks, one at about 1580 cm −1 ͑G peak͒ and the other at about 2690 cm −1 2D peak. The peak at around 1580 cm −1 is attributed to sp 2 phonon vibrations. 20 The 2D peak is used to confirm presence of graphene and it originates from a double resonance process that links phonons to the electronic band structure. 21 It can be seen in Fig. 2 that the ratio of 2D to G Raman peaks is larger for the transferred sample than for the film on the Ni substrate. The higher ratio implies that the film is closer to the near perfect exfoliated graphene. 20 The reason for this difference is that besides the graphene film, the Ni substrate contains other carbon species, mostly trapped at the grain boundaries of the polycrystalline substrate. Dissolving the Ni film will release these impurities which will be largely absent from the film transferred to the silicon substrate.
Graphene films grown on the Ni thin films were also transferred to glass microscope slides to measure optical transmission in the visible region ͑Fig. 3͒. Since the optical absorption of each graphene layer is about 2.3%, we estimate this layer to be composed of an average of 7 layers. 22 Transmission electron microscope ͑TEM͒ samples were prepared by lifting up small free floating graphene film fragments on copper TEM grids. FEI's Titan microscope ͑equipped with 
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Cs-corrector͒ operated at 80 kV was employed to view the graphene films at atomic resolution. Figure 4͑a͒ shows high resolution electron microscope ͑HREM͒ image of single-, bi-, and multilayer graphene films, whereas Fig. 4͑b͒ shows HREM image of a single-layer graphene region. Figure 4͑c͒ shows enlarged region of Fig. 4͑b͒ ͑marked by a red rectangle͒ and atomic sketch of graphene structure. EDX analysis did show presence of iron oxide on some parts of the sample, most likely from the etching solution.
Electrical properties of the graphene deposited on Ni films were characterized by fabricating back-gated transistors on the SiO 2 coated silicon substrates. Electron beam lithography was utilized to pattern the top electrodes, as shown in the inset of Fig. 5 . By applying a gate voltage of Ϯ40 V, conductance values were recorded. The plot shows a shift away from the Dirac zero point. The likely cause for this shift is presence of impurities, most likely residues from the Ni etching solution that was detected with the TEM. For this sample, we calculated an electron mobility of 3000 cm 2 / V s. We have demonstrated that large area graphene films can be grown on nickel surfaces employing a remote plasma system in about one minute growth time. Remote plasma eliminates the orientation effect of the electrical field on the grown film which plagues in situ plasma growth and allows film growth at lower temperatures compared to conventional CVD processes. Electrical and optical properties of the films indicate that they are similar to those produced by more conventional means.
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